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ABSTRACT
3D imaging techniques enable the nondestructive analysis and modeling
of complex structures. Among these, MRI exhibits good soft tissue contrast, but
is currently less commonly used for nonclinical research than X-ray CT, even
though the latter requires contrast-staining that shrinks and distorts soft tissues. When the objective is the creation of a realistic and complete 3D model of
soft tissue structures, MRI data are more demanding to acquire and visualize
and require extensive post-processing because they comprise noncubic voxels
with dimensions that represent a trade-off between tissue contrast and image
resolution. Therefore, thin soft tissue structures with complex spatial configurations are not always visible in a single MRI dataset, so that standard segmentation techniques are not sufficient for their complete visualization. By using
the example of the thin and spatially complex connective tissue myosepta in
lampreys, we developed a workflow protocol for the selection of the appropriate
parameters for the acquisition of MRI data and for the visualization and 3D
modeling of soft tissue structures. This protocol includes a novel recursive segmentation technique for supplementing missing data in one dataset with data
from another dataset to produce realistic and complete 3D models. Such 3D
models are needed for the modeling of dynamic processes, such as the biomechanics of fish locomotion. However, our methodology is applicable to the visualization of any thin soft tissue structures with complex spatial configurations,
such as fasciae, aponeuroses, and small blood vessels and nerves, for clinical
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INTRODUCTION
The representation of morphological structures with
three-dimensional models provides a more complete and
accurate understanding than the more ubiquitous and
simpler two-dimensional models, because 3D-modeling
generates realistic representations of structures that can
be visualized from multiple viewpoints and angles (e.g.,
Bragulla et al., 2012; Osborn, 2013; Osborn et al., 2013,
2014; Blevins et al., 2014; Homberger, 2014; Osborn and
Homberger, 2015, 2017; Harih et al., 2016; Wood et al.,
2016; Marouane et al., 2017). Furthermore, realistic (i.e.,
realit€
atsgetreue 5 “faithful to reality”) representations of
structures are essential for modeling their biomechanical
roles and for interpreting and explaining their significance (e.g., Homberger, 1986, 1988; Wood, 2013; Osborn
and Homberger, 2016; Homberger, 2017). Hence, nondestructive 3D imaging has become one of the new technological frontiers and has rejuvenated and motivated
research in anatomy, morphology, and biomechanics
(e.g., Rowe, 2002; Endo and Frey, 2008; Gignac et al.,
2016).
The technological progress that allows 3D modeling
has been based almost exclusively on X-ray computed
tomography (CT) data that are generated on the basis of
differences in X-ray absorption of tissues and can be
analyzed with specialized software, such as ImageJ,
R , AmiraV
R , and OsiriXV
R , which visualITK-SNAP, AvizoV
ize the three-dimensionality of tissues that differ in the
degree of mineralization, such as bone versus soft tissues
(muscles, connective tissue, etc.) (e.g., Brainerd et al.,
2010; Jeffery et al., 2011; Cox and Faulkes, 2014; Gignac
and Kley, 2014; Silva et al., 2015; Gignac et al., 2016;
Bribiesca-Contreras and Sellers, 2017; Carlisle et al.,
2017). CT scanners are relatively easily built and inexpensive to acquire and maintain; CT data can be of very
high resolution at the micron-level; and the image units
(i.e., voxels) are usually cubic and directly related to the
X-ray flux. Although noncontrast-based CT is utilized in
clinical settings (e.g., Stuhlfaut et al., 2004; Geyer et al.,
2015; Halliburton et al., 2017), the drawback of CT is
that nonmineralized soft tissues are difficult to discriminate by their relative X-ray absorption unless they are
impregnated with metallic substances [e.g., osmium
tetroxide, phosphomolybdic acid (PMA), phosphotungstic
acid (PTA), or Lugol’s iodine] that are differentially
absorbed by soft tissues, thereby rendering them identifiable by their differing X-ray absorption (Metscher,
2009). These metallic contrasting agents were developed
for earlier imaging techniques, such as osmium tetroxide
for electron transmission microscopy (Carson and Hladik, 2006) and Lugol’s iodine (I2KI) for radiography and
microdissection (Wallingford, 1953; Bock and Shear,
1972). However, osmium tetroxide is highly toxic, has a
low penetration rate (Aoyagi et al., 2015), and is, therefore, used primarily for CT scanning of small objects,
whereas Lugol’s iodine is much less toxic, diffuses into
tissues much more quickly than PMA or PTA, and has,
therefore, been used preferentially for larger samples
(Degenhardt et al., 2010; Pauwels et al., 2013; Descamps
et al., 2014; Gignac et al., 2016). In general, higher concentrations of Lugol’s iodine penetrate tissues more
quickly (Gignac and Kley, 2014; Gignac et al., 2016), but
they cause greater tissue shrinkage and distortion
(Degenhardt et al., 2010; Pauwels et al., 2013; Vickerton

et al., 2013; Wong et al., 2013; Buytaert et al., 2014;
Descamps et al., 2014; Schmidbaur et al., 2015). This is
especially the case for specimens whose skeletal structures are not mineralized, as in agnathan vertebrates,
protochordates, and most invertebrates. Any shrinkage
of soft tissues reduces the usefulness of CT data if realistic 3D models are the objective.
Serial histological sections can also be used for generating 3D models (e.g., Farahani et al., 2017), but histological procedures permanently alter and shrink tissues
just like contrast-staining procedures for CT. Hence,
there is a need for nondestructive imaging techniques
that (1) do not alter the configuration of tissues; and (2)
allow the further study of a specimen by additional techniques for a holistic analysis.
Magnetic Resonance Imaging (MRI) is such a nondestructive 3D imaging method as it provides excellent differentiation of soft tissues without the need for contrast
agents that shrink tissues (e.g., Tunn et al., 2006; Salzmann et al., 2014; Scott et al., 2014; Neu, 2015; Wood
et al., 2017). In addition, MRI data can be acquired
under multiple magnetization modalities (e.g., T1weighted or T2-weighted) that provide different tissue
contrasts. Nevertheless, MRI is much less frequently
used for nonclinical research purposes than CT (Ziegler
et al., 2011), but Berquist et al., (2012) promote a wider
application in morphology and provide sample datasets
and guidelines for its uses (see also Lauridsen et al.,
2011). However, MRI scanners are expensive to acquire
and install (Glover, 2014), and the data acquisition and
processing is more complex and time-consuming.
Although the image resolution may be high, MRI data
often comprise noncubic voxels with dimensions that
represent a trade-off between tissue contrast and image
resolution (e.g., Dale et al., 2015). These conflicting
properties make the choice of proper scanning parameters essential for acquiring datasets with both high tissue contrast and high image resolution.
Lampreys (Order Petromyzontiformes) are vertebrates
with a nonmineralized skeleton and without jaws and
paired fins (Renaud, 2011). The morphology of their
trunk musculature is of particular interest for the reconstruction of the evolution of undulating aquatic locomotion in vertebrates, because it is less complex than that
of jawed fishes (Homberger and Walker, 2004). The
trunk musculature of lampreys is segmentally arranged
of myomeres with longitudinally or obliquely oriented
muscle fibers. The myomeres are separated by myosepta,
which are connective tissue sheets whose component
fibers are anchored to the dermis as well as to the periaxial and perivisceral fasciae surrounding the notochord
and other centrally located structures (Vogel, 2000; Vogel
and Gemballa, 2000; Wood et al., 2012a, b). The myosepta vary in their thickness and also bend and twist to
conform to spatial and biomechanical constraints.
The lack of a realistic three-dimensional model of the
spatial configuration of the myomeres and myosepta has
frustrated the understanding of how the contractions of
the myomeres within the trunk and tail ultimately drive
the undulations of a fish (e.g., Alexander, 1969; Lauder,
2006; Shadwick and Gemballa, 2006; Danos et al., 2008).
In our endeavor to create such a 3D model, we chose to
use MRI for the acquisition of 3D data to avoid shrinkage and distortion of tissues. However, visualization of
MRI data in 3D is not a straightforward affair, which

3D
3D MRI
MRI MODELING
MODELING OF CONNECTIVE TISSUE

required us to develop special techniques to unlock the
full potential of MRI data for 3D modeling. This paper
aims at explaining the causes for the more complex
methodology of MRI compared to CT and provides specific acquisition and processing techniques for MRI
datasets.

MATERIALS AND METHODS
Materials
One Sea Lamprey (Petromyzon marinus) specimen
(DGHLAMP003, female, ca. 480 mm long, 40 mm tall,
30 mm wide), probably from the North American Great
Lakes population, was purchased from Carolina Biological Supply Company, Burlington, NC, and was used for
microdissection.
Three post-spawning Sea Lamprey specimens
(DGHLAMP008, female, ca. 690 mm long, 60 mm tall,
45 mm wide; DGHLAMP009, male, ca. 600 mm long,
59 mm tall, 45 mm wide; and DGHLAMP020, female, ca.
560 mm long, 40 mm tall, 30 mm wide) were collected
from the Fort River, a tributary of the Connecticut River,
near Amherst, MA, under Massachusetts Fish & Wildlife
Scientific Collection Permit # 105.165CF to Dr. Boyd E.
Kynard. Although naturally near death, they were
euthanized with an overdose of clove oil, which minimizes stress and suffering of aquatic vertebrates (Mitchell, 2009; Davis et al., 2015). They were then fixed in a
4% unbuffered formalin solution for approximately seven
days before being stored in a 1% 2-phenoxyethanol
solution.
DGHLAMP020 was scanned (1) with a document
scanner, and (2) by CT with, as well as without,
contrast-staining. DGHLAMP009 was used for histological analysis. DGHLAMP008 was scanned by MRI.

Methods
Morphological

methods. Microdissection
of
DGHLAMP003 was micro-dissected with watchmaker’s
forceps under a Leica MZ75 stereomicroscope fitted with
a fiber optic ring light and polarizing filter. Digital
images were taken with a SPOT Insight Firewire camera mounted on a Leica MZ6 stereomicroscope placed on
a TMC MICRO-g vibration isolation table, captured with
Spot 5.2 and Helicon Focus 6 software for extended
R.
depth of field images, and processed with PhotoshopV
The morphological nomenclature largely follows Potter
and Welsch (1992).
Histology was performed at the laboratories of Morphisto GmbH, Frankfurt, Germany. A trunk segment of
DGHLAMP009 was embedded in paraffin and sectioned
at 25 lm on a Leica PolyCut S Automatic Large Section
Microtome. The sections were stained with Movat Pentachrome after Verh€off (Garvey et al., 1986) with a Leica
ST5020 stainer. Histological sections were analyzed with
a Labomed LX500 microscope at LSU.
Cross-sections of the trunk of DGHLAMP020 were
scanned on a HP Scanjet G4050.
Contrast-staining method for CT scanning.
An 80 mm long segment of the intact trunk region (from
the level of the liver to the cranial edge of the first dorsal fin) of DGHLAMP020 was contrast-stained in a 2%
Lugol’s iodine aqueous solution for 3 weeks. This
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concentration and this staining duration were chosen to
minimize shrinkage (see also Gignac et al., 2016).

CT scanning. A trunk segment of specimen
DGHLAMP020 was scanned thrice with a Triumph II
SPECT/CT System from TriFoil Imaging at the Small
Animal Imaging Facility of the LSU School of Veterinary
Medicine: Twice prior to contrast-staining with Lugol’s
iodine, first with a 350 mA tube current at 50 kVp and
subsequently with a 120 mA tube current at 75 kVp to
evaluate the appropriate beam energy for maximizing
contrast. Although lower beam energies generally return
better contrast results for soft tissues, this was not the
case here. After contrast-staining with Lugol’s iodine,
the segment was scanned with a 120 mA tube current at
75 kVp. All datasets had a cubic voxel size of
0.154 3 0.154 3 0.154 mm.
MRI scanning. Specimen DGHLAMP008 was
scanned with a GE Discovery MR750w 3T MRI scanner
at the Pennington Biomedical Research Center in Baton
Rouge and an 8-channel wrist coil. The specimen was
stabilized with foam supports to prevent movements
during the scanning.
In view of the research goal being a realistic (realit€
atsgetreues) 3D model, some particularities of the MRI
scans needed to be considered. Since the MRI scans
excite generally hydrogen atoms within tissues and measure the radio frequency signal emitted as the atoms
return to equilibrium (Dale et al., 2015), the summation
of all radio frequencies emitted by a larger volume and,
hence, a larger number of hydrogen atoms, more accurately reflects the hydrogen concentration of a particular
tissue. To maximize the pixel and contrast resolutions in
the reference plane of a scan, the pixels in the reference
plane need to be as small as possible, while the slice
thickness in the planes perpendicular to the reference
plane need to be as large as possible, with the result
that the voxels of a scan are usually noncubic.
MRI scans can be acquired as either 2D or 3D scans.
In a 2D MRI scan, slices are individually excited and
measured in the direction perpendicular to the reference
plane. As a result, slice thickness often exceeds the pixel
size in the reference plane so that the voxels are anisotropic, or noncubic (see Dale et al., 2015). In a 3D MRI,
a large volume of tissue is excited and measured in the
direction perpendicular, as well as parallel, to the reference plane. As a result, the voxels are less anisotropic
than in 2D MRI, because the slices are generated in
postprocessing rather than one at a time (Dale et al.,
2015).
Our scans were acquired in two magnetization modalities (i.e., T1-weighted and T2-weighted), which measure
different physical parameters of the tissues and generate, therefore, not mere inverse, but different images
with different contrasts. The parameters of the magnetization modalities were chosen to produce the highest
contrast among the tissue through trial, previewing, and
comparison. This process involved several sessions of
several hours.
Since our aim was a 3D model, and since the time
available for scanning was limited, two 3D MRI scans
(one for each magnetization modality) were acquired in
the transverse (xy) reference plane, each with a field of
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view (FOV) of 130 mm 3 78 mm for a total of 256 slices
with a thickness of 1.2 mm and an overlap of 0.6 mm
between adjacent slices. The resulting datasets had a
voxel size (x, y, z) of 0.2539 mm 3 0.2539 mm 3 0.6 mm
and, thus, a pixel size (x, y) of 0.2539 mm 3 0.2539 mm
in the transverse reference plane, a pixel size (y, z) of
0.2539 mm 3 0.6 mm in the sagittal plane, and a pixel
size (x, z) of 0.2539 mm 3 0.6 mm in the horizontal plane
(consult Fig. 1). These parameters represent a tradeoff
between the need to have thick slices (1.2 mm) for high
contrast resolution in the transverse reference plane
and, at the same time, voxels with a lesser effective
depth (0.6 mm) to maximize the pixel resolution in the
sagittal and horizontal planes. The parameters of the
two scans were: (A) A T1-weighted 3D MRI scan with a
fast spoiled gradient echo (FSPGR) sequence, a repetition time (TR) of 8 ms, an echo time (TE) of 3.9 ms, an
image matrix of 288 3 288, and a scanning time of ca.
8 min. (B) A T2-weighted 3D MRI scan using a GE
CUBE sequence with a TR of 1800 ms, a TE of 108 ms,
an image matrix of 256 3 256, and a scanning time of ca.
10 min.
Because the pixel and contrast resolutions in the
planes perpendicular to the transverse reference plane
of the 3D MRI scans were not satisfactory (consult Fig.
1), two 2D MRI scans (one for each magnetization
modality) were acquired in the sagittal (yz) reference
plane with a FOV of 150 mm 3 90 mm and an image
matrix of 384 3 256 for a total of 25 slices with a thickness of 1.5 mm and no space between adjacent slices.
The resulting datasets had a voxel size (x, y, z) of
1.5 mm 3 0.293 mm 3 0.293 mm and, hence, a pixel size
(y, z) of 0.293 mm 3 0.293 mm in the sagittal reference
plane, a pixel size (x, y) of 1.5 mm 3 0.293 mm in the
transverse plane, and a pixel size (x, z) of
1.5 mm 3 0.293 mm in the horizontal plane. The parameters of the two scans were: (A) A T1-weighted 2D MRI
scan with a fast spin echo (FSE-XL) sequence, a TR of
553 ms, a TE of 8.3 ms, and a scanning time of ca.
2.5 min. (B) A T2-weighted 2D MRI scan with a fast
recovery fast spin echo (FRFSE-XL) sequence, a TR of
4176 ms, a TE of 99.4 ms, and a scanning time of ca.
2 min.
In addition, two 2D MRI scans (one for each magnetization modality) were acquired in the horizontal (xz) reference plane with a FOV of 150 mm 3 90 mm and an
image matrix of 384 3 256 for a total of 41 slices with a
thickness of 1.5 mm and no space between adjacent slices. The resulting datasets had a voxel size (x, y, z) of
0.293 mm 3 1.5 mm 3 0.293 mm and a pixel size (x, z) of
0.293 mm 3 0.293 mm in the horizontal reference plane,
a pixel size (x, y) of 0.293 mm 3 1.5 mm in the transverse
plane, and a pixel size (y, z) of 1.5 mm 3 0.293 mm in the
sagittal plane. The parameters of the two scans were:
(A) A T1-weighted 2D MRI scan with a FSE-XL
sequence, a TR of 603 ms, a TE of 8.3 ms, and a scanning time of ca. 3.5 min. (B) A T2-weighted 2D MRI scan
with a FRFSE-XL sequence, a TR of 3100 ms, a TE of
99.4 ms, and a scanning time of ca. 4.5 min.

3D visualization and modeling. The software
R 9.2 (Thermo Fisher Scientific, 2017) was used to
AvizoV
visualize the MRI data and to create a realistic 3D
model of the trunk musculature of a lamprey. This

Fig. 1. Diagram of noncubic voxels of three MRI scans in different
reference planes relative to the anatomical coordinate system of a
lamprey to explain the different voxel shapes and orientations. (A) Diagram of a trunk segment of a lamprey within its anatomical coordinate
system. (B-D) Voxels oriented in different planes within the anatomical
coordinate system of the specimen; the pixel oriented in the reference
plane of the MRI scan is highlighted in red. (B) Voxel from an MRI
scan in the transverse (xy) reference plane. (C) Voxel from an MRI
scan in the sagittal (yz) reference plane. (D) Voxel from an MRI scan in
the horizontal (xz) reference plane.

software program allows the display and analysis of various aspects of MRI data in the Project View. To create a
3D model of particular structures of a specimen (e.g.,
myosepta of a lamprey), the voxels corresponding to
these structures need to be marked (i.e., segmented) so
that they can be visualized separately from the rest of
the tissues.
Based on our previously acquired knowledge of the
morphology of the trunk musculature of lampreys from
microdissection, individual structures in each acquired
dataset were manually segmented by using the

Fig. 2. Diagram of a trunk segment of a lamprey to show the main
morphological structures. Cranial is to the left. (Modified from Peters
and Mackay, 1961).
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Fig. 3. Transverse sections through the trunk of a Sea Lamprey (Petromyzon marinus) to show the main morphological structures, the arrangement of the myosepta, and the myoseptal attachments to the periaxial and perivisceral fasciae and to the connective tissue that underlies the
epidermis. (A) Document scanner scan of a female specimen (DGHLAMP020). (B) Histological section of a male specimen (DGHLAMP009;
€ ff).
stained with Movat Pentachrome after Verho

R , which displays
Segmentation Editor module in AvizoV
the 3D data in a Four-viewer mode with one window
(the 3D Viewer) displaying various aspects of a MRI
dataset, and three windows (in the Three-slice viewer),
each of them representing the pixels (i.e., sides of a
voxel) visible in one of the three orthogonal planes.
Initially, all voxels of a particular dataset were
assigned to a single Material of a Label Field. To mark
individual voxels, pixels in any of the displayed windows
were labelled using the Brush tool, which colors the
selected pixels red and also automatically colors the pixels in the other orthogonal planes, as well as the corresponding voxels in the 3D Viewer. When the marked
voxels were assigned to a separate Material that corresponded to a structure of interest, they changed to the
color of the Material. To visualize the segmented Materials in 3D, the Generate Surface and Surface View modules were used. To increase the level of accuracy in

segmentation, twin MRI datasets of different magnetization modalities with different contrast gradients were
alternately displayed in the Three-slice viewer to supply
additional information, this being possible because they
had been acquired (1) of the same particular specimen;
(2) in the same orientation; (3) in the same reference
plane; and (4) with the same voxel dimensions and coordinates. In order to provide an additional modality with
a third contrast gradient to further increase the segmentation accuracy, we also calculated the difference in
voxel intensity by subtracting the T1-weighted datasets
from the T2-weighted datasets by using the Arithmetic
R . We chose to subtract the T1-weighted
module in AvizoV
datasets from the T2-weighted datasets because it generated the greatest contrast for supplementing the information provided by the T1-weighted and T2-weighted
datasets. This new “arithmetic” dataset had the same
voxel size and slice numbers as the original T1-weighted
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Fig. 4. Mesoscopic image of dissected tendon fibers aligned within
a myoseptum and interconnecting muscle fibers within adjacent myomeres of a Sea Lamprey (Petromyzon marinus; DGHLAMP003). Cranial is to the left.

and T2-weighted datasets, and all datasets were used
for the segmentation of the connective tissue myosepta.
Because the resolution of MRI scans acquired in different reference planes varied (see above), the thin and
spatially complexly configured myosepta were only partially and differently visible in the 3D MRI datasets
acquired in the transverse reference plane and in the 2D
MRI datasets acquired in the sagittal reference plane,
even though they were known to exist based on previous
morphological analyses and on the 2D MRI datasets
acquired in the horizontal reference plane. Hence, we
developed a recursive segmentation method that uses
the 2D MRI datasets acquired in the horizontal reference plane to reconstruct the missing parts of the myosepta from the 3D MRI datasets that were acquired in
the transverse reference plane. As a first step, the visible parts of a myoseptum in the segmentation window
were segmented for the 3D datasets and 2D datasets
separately. Second, the 2D dataset acquired in the horizontal reference plane was selected to generate a
“semitransparent” Surface view of the myoseptum in the
Project View. Third, the Segmentation Editor was opened
to display the 3D datasets acquired in the transverse
reference plane, which had the smallest voxel dimensions, in the Three-slice viewer. Fourth, the semitransparent Surface created earlier was made “visible” in the
3D Viewer. In the Three-slice viewer, all the voxels from
the 3D datasets that fell within the boundaries of the
semitransparent Surface were marked and assigned to a
Material corresponding to the myoseptum.

RESULTS
General Morphology of the Trunk Musculature
of the Sea Lamprey
The trunk of Sea Lampreys comprises axial skeletal
structures and centrally located viscera, which are surrounded by the periaxial and perivisceral fasciae,

respectively (Figs. 2 and 3). The trunk musculature is segmentally arranged in myomeres that are separated by
myosepta. The myomeres are formed of muscle fibers that
are grouped within muscle blocks (Fig. 4). The myosepta
consist actually of individual tendon fibers that interconnect individual muscle fibers of adjacent myomeres and
are aligned and held together by an amorphous extracellular matrix, creating the impression of a thin connective tissue sheet (Fig. 4). These tendon fibers are not to be
confused with the much thicker myoseptal tendons
described by Vogel and Gemballa (2000). The myosepta are
anchored medially to the periaxial and perivisceral fasciae
and peripherally to the dermis and dorsal longitudinal ligament, thereby creating a connective tissue skeletal framework. The outer caudal edge of a myoseptum follows the
outer contours of the trunk, whereas the inner cranial edge
follows the contour of the central organs. The elongated
ribbon-like dorsal portion of a myoseptum is vertically oriented and runs almost parallel to the mid-dorsal line so
that its external surface faces laterally. Its vertical height
spans the short distance between the fat column and the
dorsal periphery of the musculature (Fig. 3B). Caudally, it
expands into the sheet-like periaxial portion, twists gradually so that its external surface faces latero-cranially at an
acute angle to the notochord, and becomes thinner as it
reaches the periphery of the trunk (Figs. 2 and 3). As the
myoseptum extends ventrally into the perivisceral portion,
it twists further so that its external surface now faces
cranio-laterally at a wider angle to the notochord (Fig. 3).
Farther ventrally, the myoseptum narrows again into the
elongated ribbon-like ventral portion, which is vertically
oriented, spans the short distance between the coelom and
ventral periphery of the musculature, and runs almost parallel to the mid-ventral line so that its external surface
faces laterally (Fig. 3B).

Visualization of the Trunk Morphology in CT
Data
The CT data of the unstained specimen DGHLAMP020
did not reveal any soft tissue structures in either the high
or the low beam energy scans (Fig. 5A). The CT data of

Fig. 5. Orthoslices from X-ray CT datasets of the trunk of a Sea
Lamprey (Petromyzon marinus; DGHLAMP020) to show the poor contrast resolution in and the effects of shrinkage on soft tissues without
a hard skeletal framework. Circular patterns are artifactual. (A) Prior to
contrast-staining. (B) After contrast-staining with 2% Lugol’s aqueous
iodine for 3 weeks.
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Fig. 6. Orthoslices from a 3D MRI dataset acquired in the transverse reference plane of the trunk of a Sea Lamprey (Petromyzon marinus;
DGHLAMP008) in the T1-weighted magnetization modality to show the main morphological structures; the dorsal, ventral and most periaxial portions of the myosepta are visible, whereas the perivisceral and peripheral parts of the periaxial portions are not clearly identifiable. (A) Transverse
section with high pixel resolution; the hatched lines indicate the levels of the orthoslices in (B-E). (B-C) Sagittal sections with low pixel resolution.
(B) Median (sagittal) section. (C) Sagittal (parasagittal) section. (D-E) Horizontal sections with same pixel resolution as the sagittal sections (B-C).
(D) At the level of the notochord. (E) At the level the coelom.
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Fig. 7. Orthoslices from MRI datasets of the trunk in a Sea Lamprey (Petromyzon marinus) in the T1-weighted magnetization modality to show
differences in pixel resolution depending on the reference plane of an MRI scan. (A-C) 3D MRI dataset acquired in the transverse reference
plane. (A) Transverse section with a high pixel resolution and a pixel size (x, y) of 0.2539 mm 3 0.2539 mm. (B) Median (sagittal) section with a
low pixel resolution and a pixel size (y, z) of 0.2539 mm 3 0.6 mm. (C) Horizontal section with a low pixel resolution and a pixel size (x, z) of
0.2539 mm 3 0.6 mm. (D-F) 2D MRI dataset acquired in the sagittal reference plane. (D) Transverse section with a low pixel resolution and a pixel
size (x, y) of 0.293 mm 3 1.5 mm. (E) Median section with a high pixel resolution and a pixel size (y, z) of 0.293 mm 3 0.293 mm. (F) Horizontal
section with a low pixel resolution and a pixel size (x, z) of 1.5 mm 3 0.293 mm. (G-I) 2D MRI dataset acquired in the horizontal reference plane.
(G) Transverse section with a low pixel resolution and a pixel size (x, y) of 1.5 mm 3 0.293 mm. (H) Median section with a low pixel resolution and
a pixel size (y, z) of 1.5 mm 3 0.293 mm. (I) Horizontal section with a high pixel resolution and a pixel size (x, z) of 0.293 mm 3 0.293 mm.
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Fig. 8. Orthoslices from MRI datasets of the trunk in a Sea Lamprey (Petromyzon marinus) in two magnetization and one arithmetic modalities
[T1-weighted, T2-weighted, and (T2-weighted minus T1-weighted)] to show differences in the contrast resolution of the tissues. Each Orthoslice
is shown in the reference plane of its MRI dataset and has, therefore, the highest pixel resolution. (A-C) Transverse Orthoslices from a 3D MRI
dataset acquired in the transverse reference plane. (A) T1-weighted. (B) T2-weighted. (C) Computed T2-weighted minus T1-weighted. (D-F)
Median (sagittal) Orthoslices from a 2D MRI dataset acquired in the sagittal reference plane. (D) T1-weighted. (E) T2-weighted. (F) Computed T2weighted minus T1-weighted. (G-I) Horizontal Orthoslice from a 2D MRI dataset acquired in the horizontal reference plane. (G) T1-weighted. (H)
T2-weighted. (I) Computed T2-weighted minus T1-weighted.

the subsequently contrast-stained specimen with Lugol’s
iodine revealed some central structures, but only faint
shadows of parts of the myosepta, which are distorted
because of the 47% shrinkage of the specimens from
30 mm width, 40 mm height, and 80 mm length to 22 mm
width, 26 mm height, and 70 mm length (Fig. 5B).

3D Visualization of Thin Myosepta within the
Lamprey Trunk from MRI Data
With the exception of the perivisceral portions and the
peripheral parts of the periaxial portions of the myosepta, each soft tissue structure that is visible in the
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Fig. 9. Segmentation of a myoseptum from sagittal Orthoslices with a pixel size (y, z) of 0.293 mm 3 0.293 mm from 2D MRI datasets acquired
in the sagittal reference plane in different magnetization and arithmetic modalities revealing different parts of the same myoseptum for accurate
segmentation, as well as the unsatisfactory 3D model based on the few thick slices available in the sagittal reference plane. Yellow represents
the segmented parts of the myoseptum. (A-C) Partial visibility and segmentation of a myoseptum in the same section of the MRI scan with different modalities. (A) T1-weighted. (B) T2-weighted. (C) Computed T2-weighted minus T1-weighted. (D) Composite segmentation from the partial
segmentations in A-C. (E-F) 3D model of the completely segmented myoseptum. (E) Cranio-lateral view. (F) Cranio-dorsal view.

other preparations (i.e., cross-sections scans and histological sections) is also identifiable in the transverse reference plane of the 3D MRI datasets (Figs., 6A, 7A and 8AC) as well as in the sagittal and horizontal planes perpendicular to this reference plane (Figs. 6B-E and 7B-C) and
across all modalities (Fig. 8A-I). Yet, in the 2D MRI datasets that were acquired in the sagittal and horizontal
reference planes, the perivisceral portions and the peripheral parts of the periaxial portions of the myosepta are
identifiable only in the reference planes (Fig. 7E, I), which
have a higher pixel resolution than the planes perpendicular to the reference planes (Fig. 7D, F, G, H).
However, the vertically oriented dorsal and ventral
portions of the myosepta are not identifiable in the 2D
MRI datasets that were acquired in the sagittal reference plane (Fig. 7D, E and 8D-F). In contrast, they are
identifiable as parts of complete myosepta in the 2D
MRI datasets that were acquired in the horizontal reference plane (not shown in a figure).
The segmented myoseptum from the 2D MRI datasets
that were acquired in the sagittal reference plane is a
composite of partial segmentations in the sagittal plane

based on small, square pixels and various magnetization
and arithmetic modalities (Fig. 9A-D) and comprises few
(ca. 9) Orthoslices. The resulting incomplete and discontinuous 3D model of a myoseptum is based on rectangular voxels whose depth is oriented perpendicular to the
reference plane (Fig. 9E-F). It lacks the dorsal and ventral portions of the myoseptum and shows significant
gaps within the rest of the my oseptum (Fig. 9E, F).
The segmented myoseptum from the 2D MRI datasets
that were acquired in the horizontal reference plane is a
composite of partial segmentations in the horizontal
plane based on small, square pixels and various magnetization and arithmetic modalities (Fig. 10A-D). It comprises more (ca. 30) Orthoslices than in the sagittal
reference plane and, therefore, creates a more complete
and less discontinuous 3D model that shows all portions
of the myoseptum (Fig. 10E-F). Nevertheless, this 3D
model is jagged with some gaps (Fig. 10E-F). Hence, neither model reconstructed from the two 2D datasets conforms to the smooth curvatures of an actual myoseptum,
which were observed through the morphological analysis
(Fig. 3) and need to be reconstructed for the eventual
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Fig. 10. Segmentation of a myoseptum from horizontal Orthoslices with a pixel size (x, z) of 0.293 mm 3 0.293 mm from 2D MRI datasets
acquired in the horizontal reference plane in different magnetization and arithmetic modalities revealing different parts of the same myoseptum
for accurate segmentation, as well as the unsatisfactory 3D model of the myoseptum based on large pixels. Turquoise represents the segmented
parts of the myoseptum. (A-C) Partial visibility and segmentation of a myoseptum in the same section of the MRI scan with different modalities.
(A) T1-weighted. (B) T2-weighted. (C) Computed T2-weighted minus T1-weighted. (D) Composite segmentation from the partial segmentations in
A-C. (E-F) 3D model of the completely segmented myoseptum. (E) Cranio-lateral view. (F) Cranio-dorsal view.

modeling of the structure and function of the trunk
musculature.
The segmented dorsal and periaxial portions of a myoseptum from the 3D MRI datasets, which were acquired
in the transverse reference plane, is a composite from
partial segmentations in all three planes, each based on
small pixels and various magnetization and arithmetic
modalities (Fig. 11A-L). This 3D model of a myoseptum
is continuous and much smoother (Fig. 11M-N) and even
comprises the peripheral parts of the periaxial portions
as it involves many more (ca. 200) Orthoslices, but its
perivisceral portions are missing. Therefore, the perivisceral portions of the myoseptum in the 3D MRI datasets needed to be reconstructed from the 2D MRI data
through a recursive segmentation method: A shell of the
perivisceral portion was created from the 2D MRI datasets that were acquired in the horizontal reference plane
(Fig. 12A), visualized in the 3D Viewer of the Segmentation Editor (Fig. 12B), and filled with the small voxels of
the 3D MRI datasets (Fig. 12 C-E). This 3D model of a
complete myoseptum has the highest pixel and spatial
resolution possible to approximate the natural smooth
curvature of an actual myoseptum (Fig. 12F).

The integration of the individual 3D models of sequential myosepta results in a realistic (realit€
atsgetreues) 3D
model of the connective tissue skeletal elements of the
trunk musculature of a lamprey (Figs. 13 and 14; Supporting Information, Video 1: https://players.brightcove.net/656326989001/default_default/index.html?videoId=57
87728713001 and Video 2: https://players.brightcove.net/
656326989001/default_default/index.html?videoId=57877
38750001).

DISCUSSION
The Importance of Realistic Models
Models are employed by morphologists in their analyses of complex organisms and deployed to communicate
their conceptualizations to their audience. As representations of real structural complexes, models allow the integration of theory with observational data to provide
understanding and a basis for explanation (Bailer-Jones,
2009; Knuuttila and Merz, 2009; Wood, 2013; Gelfert,
2016; Bokulich, 2017). The more accurate and realistic
the model of a structural complex, the more effective and
true will be the understanding and the more complete and
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Fig. 11. Segmentation of the dorsal and periaxial portions of a myoseptum (the perivisceral portion not being clearly visible) from 3D MRI datasets acquired in the transverse reference plane in different magnetization and arithmetic modalities revealing different parts of the same portions
of the myoseptum for accurate segmentation, as well as the 3D model of the visible portions of the myoseptum based on large voxels. Blue represents the segmented parts of the dorsal and periaxial portions of the myoseptum. (A-D) Partial visibility and segmentation of the dorsal and
periaxial portions of the myoseptum in the same transverse section of the MRI scan with different magnetization and arithmetic modalities. (A)
T1-weighted. (B) T2-weighted. (C) Computed T2-weighted minus T1-weighted. (D) Composite segmentation from the partial segmentations in AC. (E-H) Partial visibility and segmentation of the dorsal and periaxial portions of the myoseptum in the same sagittal section of the MRI scan
with different magnetization and arithmetic modalities. (E) T1-weighted. (F) T2-weighted. (G) Computed T2-weighted minus T1-weighted. (H)
Composite segmentation from the partial segmentations in E-G. (I-L) Partial visibility and segmentation of the dorsal and periaxial portions of the
myoseptum in the same horizontal section of the MRI scan with different magnetization and arithmetic modalities. (I) T1-weighted. (J) T2weighted. (K) Computed T2-weighted minus T1-weighted. (L) Composite segmentation from the partial segmentations in I-K. (M-N) 3D model of
the completely segmented dorsal and periaxial portions of the myoseptum. (M) Cranio-lateral view. (N) Cranio-dorsal view.
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Fig. 12. Recursive segmentation. (A) Semitransparent 3D model of a complete myoseptum (shell) segmented from the 2D MRI datasets
acquired in the horizontal reference plane. (B-E) Screenshot of the 3D MRI datasets acquired in the transverse reference plane in the SegmentaR . (B) 3D view of the dorsal and periaxial portions of the myoseptum segmented from the 3D MRI dataset acquired in the
tion Editor of AvizoV
transverse reference plane (blue), superimposed on the semitransparent Surface View of the 3D model shown in A (turquoise), and voxels corresponding to the segmented pixels in C-E (red). (C) Transverse Orthoslice. (D) Sagittal Orthoslice. (E) Horizontal Orthoslice. (F) Complete 3D
model of a myoseptum (blue), the perivisceral portion of which was segmented from the perivisceral portion of the semitransparent 3D model
shown in A (turquoise).
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Fig. 13. Integrated 3D model of myosepta and some other soft tissue structures in the trunk of a Sea Lamprey (Petromyzon marinus). Cranial
is to the left. (A) Caudo-lateral view. (B) Dorso-caudo-lateral view. (C) Ventro-caudo-lateral view.

accurate will be the explanation. An accurate and realistic
structural model is, therefore, crucial for its subsequent
use in analyzing functional aspects and for testing the
realism of the original conceptualization of the structural
complex (Homberger 1986, 1988; Wood, 2013). Because no
single dataset or method of analysis captures all aspects
of a structural complex, multiple methods and datasets
are required to achieve an integrated and synthesized
explanatory model. In this respect, the emerging

possibilities of creating realistic 3D models instrumentally increase the explanatory power and understanding.
A model grows from the original question of a
research project and drives the selection of its essential
features. As a result, the model is an abstracted (i.e.,
devoid of data that are irrelevant to the original question) and idealized (some details are simplified) representation and not a duplicate of the original structural
complex. The accuracy and realism of a model is
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Fig. 14. Interactive 3D models of segmented morphological structures of the trunk in a Sea Lamprey (Petromyzon marinus). To activate
the 3D models, click on the center of the images above. The models can
then be freely manipulated. To view the interactive 3D-PDFs in a floating
window perform the following: after a 3D-PDF is activated (click to activate), right click (or control-click) on the model, then click View in Floating Window. The 3D-PDF will remain open in a resizable floating window
as the user advances through the pages. This 3D-PDF allows adjustments in lighting, hence, colors. In contrast to figures, the 3D-PDF models are represented in RGB colors. (A) A segmented individual
myoseptum. (B) Main morphological structures, which are listed in the
Model Tree on the left and can be clicked on and off. On the right side of
the model, three myosepta lack the perivisceral and ventral portions that
would need to be recursively segmented.

determined by how well it fits with what is already
known and understood about the structural complex.
Therefore, testing the accuracy and realism of a model is
dependent upon how well it addresses the original question and how well it can be integrated into the prior
understanding of the original structural complex. In
addition, the methodology used to build the model is initially tested by its genesis from the currently accepted
background theories and practices (Wood, 2013) and is
further tested by evaluating how well it synthesizes
multiple datasets into the completed model. In summary,
“scientific methodology, dictated by currently accepted
theories, is reliable at producing further knowledge precisely because. . .currently accepted theories are relevantly approximately true” (Boyd, 1990: 362).

3D Imaging as a Nondestructive Methodology
In contrast to traditional analytical methods in morphology, such as microdissection and histology, recent
methods based on 3D data acquisition, such as CT and
MRI, are nondestructive and can be applied even to living organisms. Of these methods, MRI scanning is the
less commonly used method of 3D data acquisition for
nonclinical and anatomical research, mainly because of
the costs involved, the complex scanning parameters,
and the needed postprocessing of the data that are based
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usually on noncubic voxels. The latter is best explained
through a brief review.
MRI scans excite certain atomic nuclei (generally
hydrogen atoms) within tissues and measure the radio frequency signal emitted as the atoms return to equilibrium
(Dale et al., 2015). The magnetization of hydrogen atoms
is most often used as a basis for an MRI scan because they
are ubiquitous in biological tissues. The statistical summation of all the radio frequencies emitted by a particular
volume and number of hydrogen atoms determines the
intensity value of voxels. The thicker the slices of a scan,
the greater the accuracy with which the hydrogen concentration of a particular tissue is represented in the reference plane and, hence, the greater the contrast among
adjacent tissues. Thicker slices, however, necessarily also
result in noncubic voxels with greater depth in the planes
perpendicular to the reference planes.
Hence, if the objective is a 3D model of a structure,
there is an unavoidable trade-off between a high pixel/
voxel resolution and a high contrast resolution of the
pixels. For example, on the one hand, scanning parameters can be selected to achieve a high pixel resolution
and high contrast in the reference plane of a MRI scan,
but only at the cost of large rectangular pixels in the
planes perpendicular to the reference plane (e.g., in 2D
MRI scans). On the other hand, scanning parameters
can be selected to approximate cubic voxels with a high
pixel resolution in all planes, but only at the cost of a
reduced contrast resolution in all planes (e.g., in 3D
MRI scans). Therefore, in order to produce a 3D model
that is based on data with high pixel and contrast resolution in all planes for maximum precision in segmentation as well as maximum spatial resolution of the 3D
model, more than one MRI dataset are needed to offset
the inherent quality trade-off in each MRI dataset.
The visualization of thin structures with complex spatial configurations, such as myosepta, fasciae, aponeuroses, and small nerves and blood vessels, poses a special
problem due to the inherent properties of MRI data.
When such a structure runs parallel to the reference
plane of an MRI scan and is thinner than the voxel
depth, its intensity value tends to be subsumed in the
calculated overall intensity value of the voxel that
includes adjacent tissues. As a result, such a thin structure may not be identifiable as such. However, a thin
structure that runs perpendicular to the reference plane
of an MRI scan would fill the entire depth of a voxel
and, therefore, be visible. Hence, thin structures with
complex spatial configurations may be visible in MRI
scan in particular reference planes, but not in others.
The contrast resolution of soft tissues within a dataset
is also affected by the magnetization modalities of MRI
scans, since each is characterized by different parameters. Because the images generated by the different
magnetization modalities are not simply positivenegative versions of the same image, it is possible to
generate another “modality” with yet another image contrast by arithmetically subtracting the data of one magnetization modality from the other.

3D Modeling of Lamprey Myosepta from MRI
Datasets
In keeping with the theoretical and practical aspects
of MRI technology and with the goal of generating a
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realistic 3D model of the myosepta, a trunk segment of a
lamprey was first subjected to a 3D MRI scan acquired in
the transverse reference plane to optimize the visualization of the thin connective tissue myosepta, which were
thought to be oriented mostly longitudinally or at a narrow angle relative to the notochord (Fig. 6). This MRI scan
made available a large number of slices (ca. 200) and voxels for the segmentation of the myosepta, which generated
a smooth 3D model that accurately and precisely followed
the curvatures of the myosepta. However, despite the
small pixel size in the transverse reference plane, these
3D datasets poorly visualized the perivisceral portions of
the myosepta, which twist towards an orientation that is
more parallel to the transverse reference plane (Fig. 11).
The peripheral parts of the periaxial portions of the myosepta were also poorly visualized, because they are thinner than their central parts, so that their intensity value
was subsumed within the average intensity value of the
voxels that included other tissue. However, the perpendicular orientation of the perivisceral portions and the
peripheral parts of the periaxial portions to the sagittal
and horizontal reference planes of the 2D MRI datasets
rendered them more clearly visible.
The segmentation of the myosepta from the 2D MRI
datasets acquired in the sagittal reference plane had only
a limited number of slices (ca. 9) and voxels at its disposal
for the generation of a 3D model. As a result, the 3D model
of the segmented periaxial and perivisceral portions of a
myoseptum was discontinuous with large gaps because
the thick successive slices could not follow the curvatures
of a myoseptum (Fig. 9). Furthermore, the thin dorsal and
ventral portions of the myosepta were invisible because of
their nearly parallel orientation to the sagittal reference
plane of the 2D MRI scan, so that their intensity value
was subsumed within the average intensity value of a
voxel that included other tissue.
The segmentation of the myosepta from the 2D MRI
datasets acquired in the horizontal reference plane had a
larger number of slices (ca. 30) and voxels at its disposal
for the generation of a 3D model. The entire myosepta
were visible and could be segmented because of their perpendicular orientation to the horizontal reference plane of
the 2D MRI scan. Nevertheless, the 3D model of the segmented myosepta was jagged and discontinuous with
gaps, albeit less so than the myosepta segmented from a
2D MRI acquired in the sagittal reference plane (Fig. 10).
The jagged appearance of the edges of the 3D model is due
to the rectangular voxels with greater dorso-ventral depth
imprecisely following the gradual curvature of the periaxial and perivisceral portions of the myosepta. Furthermore, the representation of the dorsal and ventral
portions of the myosepta was limited to a few segmented
slices due to their small vertical height. Still, the segmented 3D model of the perivisceral portion of a myoseptum was serviceable enough to guide the reconstructive
recursive segmentation of the perivisceral portion of the
myosepta from the 3D MRI datasets (Fig. 12).
To summarize, the 3D MRI datasets acquired in the
transverse plane had the small voxel size for generating a
realistic 3D model, but were missing data on the perivisceral portions and the peripheral parts of the periaxial portions of myosepta. In contrast, the 2D MRI datasets
acquired in the horizontal reference plane contained the
data of complete myosepta. However, the segmentation
resulted in somewhat rough 3D model, which could,

nevertheless, be used to guide the segmentation of a complete myoseptum in the 3D MRI datasets to generate a
realistic and complete 3D model (Figs. 13 and 14; Supporting Information, Video 1: https://players.brightcove.net/656326989001/default_default/index.html?videoId=57
87728713001 and Video 2: https://players.brightcove.net/
656326989001/default_default/index.html?videoId=57877
38750001).

CONCLUSIONS
A realistic model of a complete myoseptum is required
for an accurate and precise investigation into the biomechanics of myomere contraction and lamprey locomotion,
but could be achieved only by combining the information
from multiple MRI datasets acquired in different reference planes and with different magnetization parameters
of the same specimen in the same position. Unlike CT
scans in which voxel intensity values are correlated to
intuitively understandable physical properties (i.e.,
Hounsfield units that can be related to particular tissues),
MRI data and their intrinsic complexity are more challenging to interpret and, therefore, require a thorough
knowledge and understanding of the morphology of the
scanned specimens for the correct interpretation of MRI
data, especially in the case of nonmammalian species.
Although some aspects of the connective tissue myosepta in lampreys were studied previously (e.g., Potter and
Welsch, 1992; Vogel, 2000; Vogel and Gemballa, 2000;
Wood et al., 2012a, b), the exact spatial configuration
remained challenging to visualize and model. However,
the current 3D model based on MRI data provided a thorough understanding of the spatial configurations of myosepta without the shrinkage and distortions common with
other visualization techniques (e.g., histology, X-ray CT).
Such a model is essential for the analysis of the orientation
and biomechanical role of the muscle fibers interconnecting the tendon fibers within the myosepta and is a precondition for a realistic dynamic model of the undulations
involved in lamprey locomotion (Wood et al., 2012a, b).
The currently developed method for visualizing myosepta through nondestructive MRI imaging techniques is
also applicable to the visualization of other thin connective tissue structures with complex spatial configurations
(e.g., fasciae and aponeuroses) and other soft tissue structures (e.g., small nerves and blood vessels). The anatomy
and morphology of such structures and organs are becoming increasingly important as the foundation for clinical
research of the skeletomuscular system (e.g., Stecco,
2015) and for the further exploration of tensegrity (see
Levin, 2006; Scarr, 2014; Homberger, 2017). Furthermore,
as the clinical use of MRI will tend to replace X-ray CT to
diagnose soft tissue pathologies, such as appendicitis
(Aspelund et al., 2014), especially in women of reproductive age (Ramalingam et al., 2015), in mammograms
(Yang et al., 2008; Raikhlin et al., 2015), and for prostate
cancer screenings (Murphy et al., 2013; Zhang et al.,
2014; Shah et al., 2015), MRI scanners are likely to
become more accessible also for nonclinical fundamental
research in anatomy and functional morphology.
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